Initiating and regulating vertebrate reproduction requires pulsatile release of gonadotropin-releasing hormone (GnRH1) from the hypothalamus. Coordinated GnRH1 release, not simply elevated absolute levels, effects the release of pituitary gonadotropins that drive steroid production in the gonads. However, the mechanisms underlying synchronization of GnRH1 neurons are unknown. Control of synchronicity by gap junctions between GnRH1 neurons has been proposed but not previously found. We recorded simultaneously from pairs of transgenically labeled GnRH1 neurons in adult male Astatotilapia burtoni cichlid fish. We report that GnRH1 neurons are strongly and uniformly interconnected by electrical synapses that can drive spiking in connected cells and can be reversibly blocked by meclofenamic acid. Our results suggest that electrical synapses could promote coordinated spike firing in a cellular assemblage of GnRH1 neurons to produce the pulsatile output necessary for activation of the pituitary and reproduction.
Initiating and regulating vertebrate reproduction requires pulsatile release of gonadotropin-releasing hormone (GnRH1) from the hypothalamus. Coordinated GnRH1 release, not simply elevated absolute levels, effects the release of pituitary gonadotropins that drive steroid production in the gonads. However, the mechanisms underlying synchronization of GnRH1 neurons are unknown. Control of synchronicity by gap junctions between GnRH1 neurons has been proposed but not previously found. We recorded simultaneously from pairs of transgenically labeled GnRH1 neurons in adult male Astatotilapia burtoni cichlid fish. We report that GnRH1 neurons are strongly and uniformly interconnected by electrical synapses that can drive spiking in connected cells and can be reversibly blocked by meclofenamic acid. Our results suggest that electrical synapses could promote coordinated spike firing in a cellular assemblage of GnRH1 neurons to produce the pulsatile output necessary for activation of the pituitary and reproduction.
transgenic | GnRH | gap junction | cichlid | electrophysiology D evelopment and function of the reproductive system in vertebrates depends on the timing and levels of signaling by gonadal sex steroids (1, 2) . Production of these steroids is controlled by neurons expressing gonadotropin-releasing hormone (GnRH1), which comprise the final output of the brain to the hypothalamic-pituitary-gonadal axis. During vertebrate development, GnRH1 neurons originate outside the central nervous system in the olfactory placode and migrate into the basal forebrain (3) (4) (5) (6) . These neurons signal to the pituitary via the decapeptide GnRH1 to effect the release of the gonadotropins, follicle stimulating hormone and luteinizing hormone, which in turn stimulate steroid production by the gonads. It has long been known that this release depends on coordinated, pulsatile GnRH1 release, not simply elevated levels (7, 8) , requiring some level of synchronization in the output of these neurons. Episodic activation of the pituitary gonadotropes has been observed in multiple vertebrate taxa, including mammals and fish (9) (10) (11) (12) , however, mechanisms that underlie this required coordinated activity of GnRH1 neurons are unknown. Synchrony could in principle derive from coincident input from a "pacemaker" neural population, from direct coupling of GnRH1 neurons, or from a combination of mechanisms. Gap junction-mediated coupling has been suspected to play a role, as synchronous firing can be observed in neurons mechanically isolated from brain slices and in cultures of embryonic mouse and primate neurons, and immortalized mouse GnRH1 neurons express the connexin proteins that constitute gap junctions (13) (14) (15) . However, no evidence for gap junctions among adult GnRH1 cells in vivo has been found (16, 17) .
To search for the origin of synchrony among these neurons, we used a unique model system for analysis of GnRH1 neurons, Astatotilapia burtoni, a cichlid fish. GnRH1 neurons in males of this species exhibit dynamic morphological plasticity caused by changes in their social status (18) (19) (20) (21) . Here we use transgenic dominant male A. burtoni to perform paired recordings from GnRH1 neurons, and report that they are reciprocally connected by electrical synapses. These findings suggest that gap junctions contribute to the coordinated firing of these neurons necessary for reproductive function.
Results
We generated a transgenic A. burtoni line using Tol2 transposase (22) and regulatory elements from the GnRH1 locus to drive EGFP expression specifically in GnRH1 neurons (Fig. 1A) . We observed green fluorescence in the transgenic brain only in cell bodies located in the preoptic area (POA), extending processes to the pituitary, hallmarks of GnRH1 neurons (Fig. 1B) . We confirmed that these EGFP+ cells expressed GnRH1 by colabeling brain sections with antibodies against each and found that 98 ± 0.1% of GnRH1+ cells were also EGFP+, while 92 ± 0.2% of EGFP+ cells were GnRH1+ ( Fig. 1 C-F ; n = 3 fish). Our data show that transgenic A. burtoni can be used to systematically interrogate the connectivity of GnRH1 neurons with electrophysiological recordings.
We recorded simultaneously from 18 pairs of transgenically labeled GnRH1 neurons in the preoptic area from brain slices of reproductively active male A. burtoni and found that 17 of 18 pairs were electrically coupled ( Fig. 2 A-F, Fig. S1 , and Table  S1 ). We used simultaneous current clamp to record responses of a GnRH1 neuron pair to steps of current injection. For coupled pairs of GnRH1 neurons, when we injected a depolarizing current into cell 1 while recording voltage from both cells, we observed a coupled depolarization plateau with action potential-correlated excitatory postsynaptic potentials (spikelets) riding on it in cell 2 ( Fig. 2G ; see also Fig. S1 C-F) . In the reversed condition, depolarizing cell 2 while recording from both cells, symmetric electrical coupling was found from cell 2 to cell 1 (Fig. 2H) . In both configurations, we observed action potentials in the stimulated cell and spikelets in the paired cell with a very short latency ( Fig. 2 G and H) , consistent with GnRH1 cells being coupled through gap junctions.
Significance
The hypothalamus controls reproductive development and function via a small peptide, gonadotropin releasing hormone (GnRH1), delivered to the pituitary. To be effective, GnRH1 must be released in a pulsatile manner, but it is not known how this is achieved. We recorded from pairs of genetically labeled GnRH1 neurons in the brains of reproductively active fish and show that these cells are strongly and uniformly interconnected by electrical synapses that can be reversibly blocked. These electrical synapses likely contribute to the pulsatile firing of GnRH1 neurons, producing the coordinated output needed for reproduction, the most important act of any organism.
To characterize the putative electrical connections, we used simultaneous current clamp to record responses of a GnRH1 neuron pair to steps of current injection. We held neurons with steady DC current at −60 to −67 mV, delivered depolarizing and hyperpolarizing current steps first into one GnRH1 neuron, and then into the other member of the pair. We observed mirror symmetric responses reflecting symmetry of the gap junction connections ( Fig. 2 I and J) . We calculated a coupling coefficient (CC) from cell 1 to cell 2 (CC 1-2 ; ratio of V m change in cell 2 to V m change in cell 1 while injecting current into cell 1), and correspondingly for the reciprocal connection (CC 2-1 ) in 16 pairs (in one coupled pair, membrane potential fluctuations prevented the measurement). In 14 of the 16 pairs, the CC could be measured in both directions and we found no significant difference as a function of direction ( Fig. 2 I and J; CC 1-2 = 0.14 ± 0.02 vs. CC 2-1 = 0.16 ± 0.02, P = 0.23, paired t test), suggesting that the gap junctions are electrically symmetric and produce neither rectification nor attenuation. There was no correlation between CC and either gonadosomatic index or intersomatic distance ( Fig. 2 M and N) . The measured values for CC are consistent with those reported from other neuronal types connected by gap junctions in vertebrate brains (23) (24) (25) (26) (27) .
We also recorded occasional but strong, highly oscillatory, coordinated network coupling with multineuron input evident on each cycle of the oscillation (Fig. 3 A and B; Fig. S2 , and Movie S1). We recorded simultaneously from 11 cell pairs in cellattached voltage clamp mode in search of spontaneous spiking activity. Among the 22 individual cell recordings, more than half (n = 13 cells) were spontaneously active (1.21 ± 0.44 Hz mean spontaneous firing rate; range 0.01-4.6 Hz), consistent with previous recordings from single A. burtoni GnRH1 neurons (28) . However, of the 11 pairs, only in 5 pairs were both cells spontaneously active. Of these, three (60%) had sufficiently numerous spikes to allow cross-correlations to be computed with confidence (Fig. 3B ). The 8 pairs in which we could not ascribe synchrony had either infrequent spike firing that precluded statistical analysis, the activity observed was not composed of action potentials, or only one cell of the pair was active. Nevertheless, in each of the cases for which we observed robust, spontaneous firing in both cells, the cells exhibited coordinated spiking (n = 3 pairs). These coarsely synchronized, spontaneous action potentials were characteristic of being mediated via gap junctions. They revealed no reversal potential, as shown by the retention of polarity and magnitude of the network responses across large changes in postsynaptic membrane potential (Fig. S3) . These results indicate that gap junction-mediated coordinated activity is a key feature of the GnRH1 system in A. burtoni.
We next asked whether gap junctions between GnRH1 neurons could facilitate coordinated spiking. We injected single 150-ms current pulses into two cells separately during paired recordings.
The amplitude of the single pulses was adjusted in each cell to be just subthreshold in the corresponding cells. This paradigm produced only small voltage deflections in the paired cell. However, when identical subthreshold current injections were delivered concurrently to both cells of the pair, there was an enhanced probability of spiking compared with temporally separated injections ( Signal transmission through gap junctions is known to act as a low-pass filter (29) . To assess this additional characteristic, we used a sine wave voltage command input (20 mV peak-to-peak) with increasing frequency (1-40 Hz in 2.5 s) and measured the coupling coefficient and phase shift as a function of frequency. The coupling coefficient decreased and the phase shift between input and output increased with increasing signal frequency ( Fig.  S4) , with a 50% decrease in coupling coefficient, and a 60-degree phase lag at ∼10 Hz. A decrease in coupling coefficient and phase shift with increased frequency is consistent with other reports of networks of electrically coupled neurons (29) and reflects typical low-pass filter circuit properties of neurons connected through gap junctions. Note that the pulsatile firing we observed in some slices ( Fig. 3A and Fig. S2 ) was characterized by loose coordination, with multiple spikelets occurring during each cycle of pulsatile activity. Clusters of spikelets were coordinated within time windows of 50-100 ms, yielding slow ∼1-to 5-Hz waves of depolarization that would be subject to little or no signal attenuation (Fig. S4) .
To assess the nature of the electrical coupling, we added known blockers of gap junctions to the slice perfusate. Octanol (n = 2), mefloquine (n = 1), and carbenoxolone (n = 3) were ineffective in altering electrical coupling. However, application of meclofenamic acid (400 μM) (30, 31) resulted in the elimination of electrical conduction after ∼15-30 min (Fig. 4) . After washing out the blocker for 45 min, conduction returned, further supporting the hypothesis that gap junctions mediate the coupling we observe among GnRH1 neurons.
We next asked whether GnRH1 neurons were electrically coupled with non-GnRH1 neurons. When recording from GnRH1 neurons and adjacent non-GnRH1 neurons, we found no detectable electrical coupling in either direction ( Fig. 2 K and L; CC 1-2 , CC 2-1 < 0.005; n = 3-4 pairs). This result suggests that gap junctions preferentially couple GnRH1 neurons to one another, but not to other adjacent cell types (17 of 18 GnRH1 to GnRH1 pairs; 0 of 4 GnRH1 to non-GnRH1 pairs; P = 0.0007, Fisher's exact test). Thus, the electrical coupling between GnRH1 neurons likely facilitates coordination of firing only within this population of neurons.
The electrical coupling we observe between GnRH1 neurons predicts that these neurons express connexins, the proteins that comprise gap junctions. We searched the A. burtoni genome for likely connexin genes, and focused on the neuronal connexin gap junction delta 2 (Gjd2; also known as Cx36 in mammals and Cx35 in fish). We found three homologs most closely related to mammalian Gjd2, which we call Gjd2a, Gjd2b, and Gjd2c (Fig.  S5A) . One of these, Gjd2a, appears to be a true ortholog, as the genes to the 5′ end of mouse Gjd2 (Aqr, Dph6, Meis2) are also found flanking A. burtoni Gjd2a. We generated antisense RNA probes against each to determine whether any was expressed in the preoptic area. We found that one of these, Gjd2a, was expressed in a population of large-diameter cells of the parenchyma of the preoptic area, reminiscent of GnRH1 expression (Fig. S5B) . To test whether Gjd2a is expressed in GnRH1 neurons, we colabeled brain sections and found that 96.3 ± 1.8% of GnRH1+ neurons also express Gjd2a mRNA ( Fig. 5 ; n = 4 fish). These results suggest that the electrical coupling we observe between GnRH1 neurons is mediated by the gap junction Gjd2a.
Discussion
The network we describe, formed by GnRH1 neurons in reproductively active males, comprises an essential part of the hypothalamic-pituitary-gonadal axis, the final common neural pathway regulating fertility. This discovery provides, to our knowledge, the first example of electrical synapses connecting GnRH1 neurons in a vertebrate, providing a potential mechanism for the pulsatile output required for activation of the reproductive axis. This work will allow an analysis of how this critical subset of neurons might regulate reproductive function across vertebrates. Moreover, this report adds to the increasing recognition that gap junctions may play a larger role in vertebrate brains than had been previously recognized (32) (33) (34) . Gap junctions have been detected in a variety of mammalian brain structures (23) (24) (25) (26) (27) , as well as in fish hindbrain Mauthner cells and anterior telencephalic GnRH3 neurons that do not regulate pituitary function (35, 36) .
Our results also suggest a molecular mechanism for coordinating the firing of GnRH1 neurons in A. burtoni. The colocalization of Gjd2a and GnRH1 mRNAs indicates that this connexin is important for the electrical connection between GnRH1 neurons. We cannot rule out the possibility that other connexins may also contribute, or that presynaptic inputs could activate these neurons simultaneously. Nonetheless, the identification of Gjd2a provides an entrée for a genetic dissection of the basis of electrical coupling using genome modification technologies in cichlids including Tol2 and CRISPR/Cas9 (37) (38) (39) (40) . Such experiments may disentangle the respective contributions to synchrony of electrical synapses and common presynaptic inputs.
Our work raises the question of whether gap junction coupling is important for the pulsatile firing observed among GnRH1 neurons of other vertebrates including mammals. Although gap junction coupling has been observed in immortalized mouse GnRH1 neurons in cell culture (14), it has not been demonstrated in vivo. In the mouse, paired recordings in GnRH1 neurons have found very low rates of electrical coupling (17, 41) , and microscopic reconstructions have not reproducibly shown pairing between GnRH1 neurons (16) . This difference from the cichlid has at least two possible explanations. First, gap junctions may connect GnRH1 neurons in mammals, but be rarely detected for biological or technical reasons. Although Gjd2 and Gja1 were not found in mouse GnRH1 neurons, another member of the connexin gene family is likely present, as these neurons pass dyes to neighboring, non-GnRH1 cells (17) . It is possible that the use of dominant male A. burtoni, which are continuously reproductively active (21), improved our chances of detecting electrical coupling. Electrical synapse strength is known to be dynamically regulated by many factors including the activity of chemical synapses and neuromodulators (32). Thus, it is possible that during recordings from mouse GnRH1 neurons, dye transfer and/or electrical coupling was precluded by gap junction inhibition. An alternative explanation is that the presence of gap junction coupling in the cichlid represents a species difference. In this scenario, gap junction coupling between GnRH1 neurons is one of multiple solutions that the neuroendocrine axis may use to facilitate pulsatile activation of the pituitary, and the evolutionary lineage leading to mice employs a different solution than cichlids. Future work on a variety of organisms will address whether electrical coupling among GnRH1 neurons is an ancestral trait, and may reveal mechanisms shared across vertebrates that coordinate pulsatile GnRH1 delivery.
Materials and Methods
GnRH1:EGFP Transgene Construction. To label cichlid GnRH1 neurons, we used regulatory elements from the A. burtoni GnRH1 locus to drive EGFP expression in those cells. We PCR amplified a 5,202-bp region 5′ from the endogenous GnRH1 start codon, which included 5,039 kb 5′ of the transcription start site, plus noncoding sequence from the first exon and intron, and 13 bp of exon 2 preceding the start codon. We also amplified 689 bp of sequence following the translational stop, including the GnRH1 3′ UTR. These sequences were inserted, along with EGFP, into a modified pT2-KXIGΔin plasmid (42) containing Tol2 transposase recognition sites flanking an XhoI-PacI-BamHIEcoRV-AscI-BglII polylinker, to create the pT2-GnRH1.EGFP plasmid. All amplified sequences were confirmed using Sanger sequencing (ElimBio). The pT2-GnRH1. EGFP plasmid was purified by maxiprep (Qiagen).
Animals. All experiments were conducted according to the protocols approved by the Stanford Institutional Animal Care and Use Committee. For transgenic fish production, wild-type fish were housed separately by sex, separated by a partition. On the day of injection, the partition was removed, and females were allowed to spawn with a male. Fertilized eggs were collected ∼30 min after spawning, and injected during the single-cell stage (40) with ∼1 nL of a mixture containing pT2-GnRH1.EGFP (225 ng/μL), Tol2 mRNA transcribed from pCS-TP (43) (225 ng/μL), and Texas Red-conjugated dextran (0.5%; 3000 MW; Sigma) for visualization of injection. Each injected egg was allowed to develop alone in a well of a 6-well culture dish (Greiner Bio-One) with each well containing 6 mL of tank water supplemented with 1 mg/L methylene blue antifungal (Sigma). At ∼12 d postfertilization (dpf), injected larvae were transferred to 1.5-L tanks, and then to 32-L tanks at ∼4 wk of age.
A total of 137 out of 369 injected single cell eggs developed normally to ∼12 d of age and carried the Texas Red injection marker. As EGFP expression was not visible in A. burtoni at 14 dpf, the day of GnRH1 onset (44) , 75 of these injected fish were cohoused and their offspring were screened by PCR for germ-line transmission of the GnRH1:EGFP transgene using PCR as follows. When F 1 fry were large enough to collect fin clips (∼5 wk postfertilization), a small tissue sample was obtained from the tailfin of each fry, and DNA was extracted in a 15 min incubation in 50 mM NaOH at 95°C and neutralization with 1 M Tris (pH 8.0) (45) . F 1 carriers of the GnRH1:EGFP transgene were identified through PCR with the primers GnRH1genoFwd (5′-GCA GCA GAC TTC ACA AAG GAC AG-3′) and EGFPgenoRev (5′-AGC TTG CCG TAG GTG GCA TC-3′). Two male F 0 founder fish were identified that passed the GnRH1:EGFP transgene to offspring, and were able to successfully propagate one line with robust GFP fluorescence. A hemizygous F 1 GnRH1:EGFP+ male was bred with wild-type females to generate fish used in this study. PCR confirmed that 55% of genotyped F 2 fish carried the GnRH1: EGFP transgene (n = 165 fish), consistent with a single autosomal insertion. F 2 GnRH1:EGFP+ fish at 5-7 mo of age were group-housed with their siblings in 32-L tanks, each housing 3-4 males and 3-4 females. Dominance was confirmed through behavioral observation of male-typical reproductive and dominance behaviors (46) before their terminal use for electrophysiological recordings. Reproductive status was confirmed by measuring the gonadosomatic index (Gonad mass/body mass × 100), which was 1.04 ± 0.5 (n = 18), in the range observed for dominant animals (4).
Connexin Gene Identification. We used connexin 35/36 (mouse, NP_034420; perch, AAC_31884.1) and connexin 43 (mouse, NP_034418.1) protein sequences to identify connexins in the A. burtoni genome with a tBLASTn search (47) . We identified 26 putative connexins, which we assembled using Geneious (Biomatters v7.1; MUSCLE alignment, Jukes-Cantor end-joining, 1,000 bootstrap replicates) into a phylogenetic tree along with other refseq connexin protein sequences identified from vertebrate species. The three genes that clustered with Gjd2 we refer to as Gjd2a (XP_005942712, encoded by XM_005942650), Gjd2b (splice variants XP_005922104 and XP_005922105, encoded by XM_005922042 and XM_005922043), and Gjd2c (XP_005926648, encoded by XM_005926586). Other vertebrate connexin accession numbers are reported in Table S2 .
In Situ Hybridization. Gjd2 probes were synthesized using PCR to amplify from hypothalamus cDNA, in which the 3′ probe contained a T7 polymerase binding site, enabling transcription of antisense RNA from PCR product. Gjd2a forward, 5′-AGA GAC GAG GAC GGT AGC AG-3′; Gjd2a reverse, 5′-GAA ATT AAT ACG ACT CAC TAT AGG GCT TGC CTC CTC ATT TTG GAC-3′; Gjd2b forward, 5′-GAG GGG AAG GAG AAC AGA GG-3′; Gjd2b reverse, 5′-GAA ATT AAT ACG ACT CAC TAT AGG GAG TAG CGG ATG TGC GAG ATT-3′; Gjd2c forward, 5′-CGA TGG ATG TCT GTT TGC AC-3′; Gjd2c reverse, 5′-GAA ATT AAT ACG ACT CAC TAT AGG GCA TAG CAA GCT TGG TTG CAG-3′. T7 polymerase binding sites are underlined. The Gjd2b probe was designed to detect a region common to both splice isoforms. The GnRH1 probe was transcribed from a pCRII-TOPO plasmid containing bp 11-206 of GnRH1 cDNA (NM_001286296.1).
Brains were processed and sectioned as for immunohistochemistry, except that brains were fixed in PFA with pH 7.0. Sections were fixed on slides with PFA, proteinase K treated for 15 min, and fixed again. We acetylated sections before incubating overnight at 60°C in hybridization buffer containing 0.2 ng/mL of antisense RNA probes labeled with fluorescein (GnRH1) and/or digoxygenin (Gjd2a). Sections were washed the following day in a series of washes containing 50% formamide + 2× SSC, 2× SSC (one wash containing RNase A, 0.2 μg/mL), and then maleic acid buffer plus 0.1% Tween-20 (MABT; for nonfluorescent stain) or Tris-buffered saline plus 0.1% Tween-20 (TNT; for fluorescent stain). Sections were blocked in MABT containing BSA [nonfluorescent stain, 2% (wt/vol)] or in TNT containing blocking reagent (double fluorescent stain, Roche, 0.5%). Antisense probes were detected using horseradish peroxidase-coupled anti-fluorescein or alkaline phosphatase-coupled antidigoxygenin Fab fragments (Roche) incubated overnight at 4°C. Unbound antibody was washed using MABT or TNT, and then alkaline phosphatase was detected using NBT and BCIP (nonfluorescent stain; Roche) or HnPP/ Texas Red (fluorescent stain; Roche) for 3 h. For fluorescent staining, excess HnPP was washed away with TNT, and then GnRH1 was detected using a TSA-fluorescein signal amplification kit (Perkin-Elmer) for 20 min. Extended protocol available upon request.
Immunohistochemistry. To confirm that EGFP was expressed in the same cell population as GnRH1, we immunostained cryosections of brain with antibodies against EGFP and GnRH1. F 2 GnRH1:EGFP fish were dissected, brains were fixed overnight in 4% paraformaldehyde (PFA), then cryoprotected with 30% sucrose in 0.1 M PBS overnight. Brains were embedded in Neg 50 (Thermo), and stored at −80°C until they were cryosectioned into 30 μm sections onto two alternate sets of slides. Cells were counted on only one set of slides to preclude double-counting of cells on subsequent sections. Slides were washed in 0.1 M PBS plus 0.1% Triton X-100 (PT), incubated in PT plus 5% normal goat serum (Life Technologies) to block nonspecific staining, and stained overnight at 4°C with mouse anti-EGFP (1:500; Life Technologies) and guinea pig antiGnRH1 in PT plus 0.5% goat serum. Custom anti-GnRH1 antibody was raised against cichlid mature GnRH1 decapeptide (QHWSYGLSPG; Thermo). Sections were washed in PT plus 0.5% goat serum. Secondary antibodies Alexa488-conjugated goat anti-mouse and Texas Red-conjugated goat anti-guinea pig (Jackson Immunoresearch) were used to detect primary antibodies.
To visualize cells recorded electrophysiologically, neurons were filled with 0.2% biocytin (Sigma) during recording. Slices were fixed overnight in 4% PFA, washed with PBS, and then immunostained with mouse anti-EGFP and Texas Red-conjugated Avidin D (1:100; Vector Laboratories) in PBS plus 1% Triton X-100 and 0.5% goat serum.
To image stained sections, we used a Zeiss LSM 700 confocal microscope with optical section thickness of 2 μm and pinhole size of 1 to capture the entire extent of staining in a Z-stack. AlexaFluor-488 and Texas Red filters were used to image fluorophores. Images were despeckled using ImageJ (NIH). For colocalization studies, each cell labeled for EGFP or GnRH1 was enumerated, and scored for the presence of the other epitope; for in situ hybridization, all GnRH1-positive cells were scored for the presence of Gjd2a.
Electrophysiological Slice Preparation. Five-to 7-mo-old transgenic fish were weighed, standard body length measured, and rapidly decapitated. Brains were carefully taken out of the skull and placed in a Petri dish filled with ice-cold slicing solution containing 234 mM sucrose, 11 mM D-glucose, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 0.5 mM CaCl 2 , 2.0 mM MgSO 4 , and 26 mM NaHCO 3 . Optic nerves and attached meninges were gently trimmed. Then the brain was placed into 4% low melting point agarose (30-35°C) in a small plastic chamber. The preoptic area (POA) was gently positioned to obtain the slicing angle as described previously, orienting the brain to cut parallel to the ventral surface just above the GnRH1 neurons. This orientation is most suitable for electrophysiological recordings of GnRH1 neurons because they lie roughly in a plane parallel to the ventral brain surface (28) . The agarose block containing the fish brain was quickly cooled, trimmed and mounted onto a vibratome (VT1200, Leica Microsystems). The tissue above the POA was eliminated by lowering the slicing blade in small steps until the EGFP in the POA was visible. Then one or two slices (250 μm thickness) containing POA were sectioned, transferred and incubated at room temperature in ACSF solution containing 126 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 2.0 mM CaCl 2 , 2.0 mM MgSO 4 , 26 mM NaHCO 3 , 10 mM D-glucose, bubbled with 95% O 2 /5% CO 2 . At the end of the slicing procedure, gonads were dissected and weighed to calculate the gonadosomatic index.
Electrophysiological Recordings. After at least 1 h of incubation, slices were transferred into a recording chamber mounted on an upright Zeiss microscope equipped with a 40× water immersion Zeiss objective and a Hamamatsu CCD camera (model C2400-75). EGFP+ cells in the POA were identified by epifluorescence illumination (X-Cite series 120Q; EGFP filter cube, Chroma), controlled by a Uniblitz shutter and driver (model VMM-D1, Vincent Associates). Patch pipettes (tip resistance 4-7 MΩ) were pulled from borosilicate glass capillaries (O.D./I.D., 1.5/1.1 mm, Sutter Instruments) and back-filled with internal solutions containing 135 mM K-gluconate, 7 mM KCl, 10 mM Hepes, 1.1 mM EGTA, 4 mM ATP-Mg, 6 mM phosphocreatine, 0.2% biocytin (pH 7.25-7.35, osmolarity 280-290 mOsm). Simultaneous whole-cell recording from pairs of neurons was performed with continuous perfusion of oxygenated ACSF at a rate of 2-3 mL/min at 23-27°C using MultiClamp 700A and Digidata 1440A (Molecular Devices) with a filter of 10 kHz and sampling rate of 20-100 kHz. Measures of passive membrane properties of GnRH1 neurons (Table S1 ) were consistent to those previously found (28) . We recorded from 18 pairs of transgenically labeled GnRH1 neurons with intersomatic distances ranging from 15 to 65 μm, (mean = 35 μm) in the POA of brain slices.
First, a gigaohm seal, cell-attached recording was made with one labeled GnRH1 cell and spontaneous neuronal activity was recorded in voltage-clamp mode with a holding voltage of −60 mV for 2-4 min. After membrane breakin to establish whole-cell recording mode, passive and active membrane properties were assessed with short pulses of DC current injection using conventional techniques. Then the same procedure was followed for a second cell, including characterization of its electrical properties.
To characterize the dynamic properties of electrical synapses between GnRH1 neurons, a "chirp" waveform voltage command (amplitude of 20 mV, frequencies increasing from 1 to 40 Hz in 2.5 s) was applied to cell 1, as we recorded the voltage responses in cell 2 ( Fig. S4 ; 21-100 trials, mean = 65 trials per pair).
For several slices, following the suite of measurements, we bath applied pharmacological blockers. In addition to testing meclofenamic acid (400 μM, n = 4), other known gap junction blockers tested had no effect (2 mM octanol, n = 2; 50 μM mefloquine, n = 1; 100-400 μM carbenoxalone, n = 3).
Data Analysis. Electrophysiological data were analyzed using Clampex 10 (Molecular Devices) and statistical tests were performed using Prism 6 (Graphpad) and Excel (Microsoft). All data were tested for violation of normality using Lilliefors' goodness of fit test (MATLAB) before using parametric statistics. Results presented are mean ± SEM.
